The chemical composition of the essential oil, phenolic contents, and foliar nutrients of Eucalyptus microcorys leaves, cultivated in Brazil, was analysed on a monthly basis for one year. Canonical redundancy analysis correlated results with climate conditions (rainfall, humidity, and mean temperature), allowing three groups to be distinguished as regards temperature, flavonoids, and the content of some metals. Strong correlations between Mn, Cu, Zn, Ca, P, and K with some monoterpenes and phenolic compounds were observed. Oxygenated monoterpenes were predominant in all sampling months. Oil chemovariation may be influenced by climatic factors as well as by foliar nutrient variation.
Differences in the distribution of oxygenated and hydrocarbon monoterpene levels were observed; samples from February and September showed the highest and lowest contents of these compounds (Table 1) . α-Campholenal was detected only in February and -terpinene was present in no more than seven months. Seasonal variation was also registered in the amount of macroelements (N, P, K, Ca, Mg, S), trace elements (Cu, Fe, Mn, Zn), and phenolic compounds (total phenols, hydrolysable tannins, flavonoids) ( Table 2) . Canonical redundancy analysis (RDA) was performed using oil constituents, including monoterpene subclasses (treated as species data set) in combination with foliar nutrients, phenolic compounds, and climatic data (environmental data set), in order to detect samples' pattern distribution. Figure 1 shows RDA's ordination results regarding leaf oils, whose phenol/foliar nutrient content and climatic data were treated as environmental variables (12 samples x 15 oil components x 16 environmental variables). Oil-environmental correlations were higher for the first two canonical axes (0.887 and 0.810), accounting for 85.7% of cumulative variance in the oilenvironmental relation. These results indicate a strong relation between oil composition and the measured foliar/phenol/climatic parameters (environmental factors) shown in the data set. In RDA's axis 1 (Figure 1 ), there is a clear correlation between flavonoids, humidity, and S with monoterpene hydrocarbons, α-thujene, γ-terpinene, and limonene during humid sampling months (April, May, and June). Decreasing values of RDA's axis 1 are associated with samples from hot months (September to January), with higher levels of iron and manganese, which are related to increased contents of the oxygenated monoterpenes, 1,8-cineole, trans-pinocarveol, and pinocarvone. An increase in the value of RDA's axis 2 is followed by an increase in foliar nutrients (Cu, Zn, Ca, P, K) and a reduction in total phenols, hydrolysable tannins, and Mg levels in February, March, July and August samples, which showed high contents of isocamphane, bornane, and fenchane (monoterpenes). The positive correlation between foliar Mn and oxygenated monoterpenes was observed for oregano, Hungarian thyme, and sage; in fact, the activity of cineole synthase from sage was assessed . Fertilization experiments with two rosemary cultivars showed a reduction in 1,8-cineole and an increase in p-cymene concentrations in plants treated with potassium [6] .
The microelement Zn is positively correlated with α-campholenal and α-terpineol; a similar trend was observed when cumin herb (Cuminum cyminum L) was sprayed with Zn and cumin aldehyde and α-terpineol increased [7] . An analogous positive effect on monoterpene aldehydes was obtained by adding Zn to the growth medium of lemongrass [8] . In addition, the oxidation of geraniol to geranial by geraniol dehydrogenases in sweet basil and lemon myrtle is favored by Zn as cofactor [9] .
As regards phenol distribution, strong negative correlations between foliar nutrients (Cu, P, Ca, and Zn) and phenolic compounds (total phenols and hydrolysable tannins) were detected, as well as between manganese and flavonoids ( Figure 1 ). Several studies have demonstrated the influence of Cu and Mn in the activity of many enzymes of the shikimic acid pathway [10, 11]; a high expression of lignin biosynthesis genes in plants exposed to Zn was also observed [12] . Deficiency of these metals in the leaf tissues decreases lignification and consequently there is an accumulation of other phenolic compounds, such as tannins and flavonoids [11] .
The sampling months may be divided into three groups, as was suggested by RDA results (Figure 1) . A proposed biosynthetic pathway for monoterpene formation in each cluster is outlined in Figure 2 . The α-terpinyl cation formed by the cyclization of linalyl PP is the key intermediate for several different monoterpene types. Monoterpene hydrocarbons with menthane and thujane skeletons were produced mainly during the autumn months (cluster III) by direct loss of a proton (limonene) from the α-terpinyl cation or by formation of the terpinen-4-yl cation and loss of a proton (γ-terpinene) or by further cyclization to yield α-thujene. p-Cymene was the only aromatic terpenoid identified in the oils and it is formed from γ-terpinene by a dehydrogenation reaction [13] . α-Terpineol and 1,8-cineole (clusters I and II) also have a menthane skeleton and they may result from the attack of water on the α-terpinyl cation and subsequent heterocyclic ring formation [14] .
The cationic side-chain of the α-terpinyl cation is able to fold towards the double bond, causing a new cyclization to occur, producing bicyclic bornyl and pinyl cations. Mostly in the spring and summer months (cluster II), β-pinene could arise by loss of a proton from the pinyl cation, and subsequent oxidation reactions produce trans-pinocarveol and pinocarvone, both with the pinane skeleton. Cluster I, which is a combination of samples from summer and winter months, shows high diversity of monoterpene types (isocamphane, bornane, fenchane, and menthane). There is an increase in the complexity of structures, as two Wagner-Meerwein rearrangements occur with bornyl and pinyl cations [14] , yielding camphene and endo-fenchol, respectively. The bornyl cation might also be submitted to ring opening and oxidation reactions, which would generate the aldehyde α-campholenal. Borneol is formed via a bornyl diphosphate intermediate, which is subsequently hydrolyzed [14] .
Canonical discriminant analysis (CDA) (Figure 3 ) was applied to the data set and confirmed the groups suggested by RDA. Borneol and -terpineol were identified as predictor variables, i.e. constituents that are able to distinguish between the three sample groups. The first fitted model showed high canonical correlation (R = 0.924) and significant Wilks' lambda ( = 0.039), which accounts for a multivariate measure of group differences over several variables. The first discriminant function (F1) accounts for ca. 70% of total variability and distinguishes (F-value = 16.043; degree of freedom, DF = 4 and 16; p < 0.00002) cluster II from cluster III due to high negative and positive scores of borneol and -terpineol, respectively ( Table 3) . The second discriminant function (F2) highlights (F = 23.868; DF = 1 and 9; p < 0.00091) cluster I as a result of -terpineol's high positive score. Furthermore, the two discriminant functions make it possible to classify correctly 100% of samples in the original clusters by means of cross-validation or jackknife approaches (Table S1 ). Previous studies have revealed seasonal monoterpene variation in the essential oils of Eucalyptus species, Pinus pinea, Picea abies [15] , Salvia officinalis [16] , and Crithmum maritimum [3] . This chemical polymorphism may be due to changes in the vegetativeflowering periods, as well as to herbivory and weather parameters (day length, temperature, and humidity) [3, 17] . In the case of some Eucalyptus species, the variation in leaf oil composition was better explained by a leaf ageing effect and by the plant's metabolic state [15] , including the relative levels of foliar nutrients [4] .
Chemical variability in E. microcorys leaves determined by multivariate chemometric techniques may reflect climatic influence on oil compositions and phenol contents, but foliar nutrients also showed considerable involvement in the biosynthetic paths of both compound classes, terpenoids and phenolics. In this case, abiotic factors and the plant's internal metabolic state could, together, partially explain the complex mechanisms of secondary metabolite production in E. microcorys and, specifically, monoterpene variation.
Experimental
Plant material: Cultivated E. microcorys leaves were collected on a monthly basis between September 2011 and August 2012 at Ibama's National Forest (FLONA), located in Silvânia (S 16° 38´ 14´´; W 48° 39´ 06´´; 898 m), Goiás State, Brazil. Leaf samples were collected together from the same 10 individuals each time. Trees were 40 years old and originated from the seeds of the same progenies.
Hydrodistillation:
To assess chemical composition, leaf samples were dried for 7 days at 30°C until constant weight. After being powdered, ca. 50 g was submitted to hydrodistillation (4 h) by means of a modified Clevenger-type apparatus. Lastly, oils were collected, dried with anhydrous Na 2 SO 4 , transferred to glass flasks, and kept at -18°C until analysis.
Foliar nutrient analysis:
Samples were digested with nitricperchloric acid. Concentrations of K, Ca, Mg, Cu, Fe, Mn, and Zn were measured by flame atomic absorption spectrometry (AAS, Perkin Elmer), phosphorous and sulfur were determined by spectrophotometry, and N content was assessed by the standard Kjeldahl procedure. Three replicate measurements were performed per plant sample.
Oil analyses: Oil sample analyses were performed on a GC-MS Shimadzu QP5050A instrument under the following conditions: a CBP-5 (Shimadzu) fused silica capillary column (30 m×0.25 mm i.d., 0.25 mm film thickness) connected to a quadrupole detector operating in EI mode at 70 eV with a scan mass range of 40-400 m/z at a sampling rate of 1.0 scan s  ; carrier gas: He (1 mL min  ); injector and interface temperatures of 220°C and 240°C, respectively, with a 1:20 split ratio. The injection volume was 0.4 mL (ca. 20% in n-hexane) and the oven temperature was raised from 60 to 246°C with an increase of 3°C min  , then 10°C min  to 270°C, holding the final temperature for 5 min. Individual components were identified by a comparison of their linear retention indices [18] , which were determined by co-injection with a C 8 -C 32 n-alkanes series [19] , mass spectra with those of the literature [18] , and computerized MS-database using NIST libraries [18] .
Methanol extract preparation: Powdered and dried leaves (0.05 g for total phenol and 0.15 g for hydrolysable tannin and flavonoid assays) were extracted at room temperature with 50%, v/v, aqueous methanol in an ultrasonic bath. Samples were extracted twice with 10 mL of solvent, first during 30 min and later during 15 min, and then with 5 mL for 15 min. Extracts were combined to a final 25 mL volume.
Total phenol determination:
Total phenolic analysis was performed by the Folin-Ciocalteu method [20] . Either extract or tannic acid (Merck) (0.5 mL) and 0.5 mL of 2 mol L -1 Folin-Ciocalteu reagent (Sigma, St. Louis, MO, USA), diluted 10-fold, were mixed in a 25 mL volumetric flask. After 5 min, 10 mL of 20% Na 2 CO 3 solution was added and the volume adjusted to 25 mL with distilled water. This mixture was then allowed to stand for 60 min at room temperature and the absorbance was determined at 750 nm. The standard curve was constructed with tannic acid at the following dilutions: 0.02, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 mg mL -1 . Total phenolic content was calculated as tannic acid equivalents (mg) per g dry weight. All solutions were analyzed in triplicate.
Hydrolysable tannin determination: Hydrolysable tannins were quantified by the Willis and Allen method [21] . KIO 3 2.5%, w/v, (5.0 mL) were placed in a test tube, which was placed in a 25C water-bath. Either extract or tannic acid (1.0 mL) was added to the tube and then vortex mixed; after that, the tube was placed back in the water bath. After 6 min, the absorbance was measured at 550 nm. The standard curve was constructed with tannic acid at the following dilutions: 0.1, 0.3, 0.5, 0.7, 0.9 mg mL -1 . Hydrolysable tannin content was calculated as tannic acid equivalents (mg) per g dry weight. All solutions were analyzed in triplicate.
Total flavonoid determination: Total flavonoid content was determined by a modification of the Pharmacopoeia Helvetica method using AlCl 3 [22] . Either Extract or rutin (Sigma-Aldrich) (10 mL) and 1.0 mL of 12%, w/v, ethanolic AlCl 3 (Sigma-Aldrich) were mixed in a 25 mL volumetric flask, and the volume adjusted to 25 mL with 5% ethanolic glacial acetic acid (v/v). This mixture was then allowed to stand for 30 min at room temperature and the absorbance determined at 422 nm. The standard curve was constructed with rutin at the following dilutions: 0.04, 0.08, 0.12, 0.16, 0.2 mg mL -1 . Total flavonoid content was calculated as rutin equivalents (mg) per g dry weight. All solutions were analysed in triplicate.
Chemical variability: For statistical purposes, the multivariate statistical software CANOCO for Windows (Canonical Community Ordination), version 4.5, was used [23] . Oil compositions (13 volatile constituents in addition to 2 biosynthetic classes) were ordered in a species data matrix with rows (12) = months and columns (15) = oil variables. Phenolic contents, climatic data, and foliar nutrients were ordered in an environmental data matrix with rows (12) = months samples and columns (16) = environmental variables.
Preliminary analyses applied the default options of the detrended canonical analysis (DCA) to CANOCO [23] to check the extent of change in oil composition along the first ordination axis (i.e. gradient length in standard deviation units, SD). In this study, DCA estimated the compositional gradient in the species data to be shorter than 0.4 SD units, thus canonical redundancy analysis (RDA) was the appropriate ordination method to perform linear direct gradient analysis [23] .
Redundancy analysis was applied to elucidate the interrelationships between oil composition and the monthly variation as a function of phenolic contents, climatic data, and foliar nutrients, treated as environmental variables. An unrestricted Monte Carlo permutation test (9,999 permutations) was used to test the significance of eigenvalues of the first two canonical axes. Intra-set RDA correlations were, therefore, used to assess the importance of environmental variables.
Canonical discriminant analysis using SAS CANDISC procedure (Statistical Analysis System, SAS Institute Inc., Cary, NC, 1996) was used to differentiate between samples and clusters on the basis of oil composition. The predictive ability of canonical discriminant functions was assessed by cross-validation and jackknife approaches as implemented in the SAS statistical package. Prior to the multivariate analysis, the data were preprocessed by means of centering and auto-scaling.
Average multiple comparisons were established by one-way ANOVA using SAS GLM analyses. All data were checked for homoscedasticity via Hartley's test. Whenever a difference was established, a post-hoc Tukey test was performed. Results are shown as mean values and are joined by the standard deviation of independent measurements in some cases. P-values below 0.05 were regarded as significant. Table S1 , which offers a summary of the canonical discriminant analysis of E. microcorys leaf essential oils, is available.
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